New demands for water can be satisfied through a variety of source options. In some basins surface and/or groundwater may be available through permitting with the state water management agency (termed unappropriated water), alternatively water might be purchased and transferred out of its current use to another (termed appropriated water), or non-traditional water sources can be captured and treated (e.g., wastewater). The relative availability and cost of each source are key factors in the development decision. Unfortunately, these measures are location dependent with no consistent or comparable set of data available for evaluating competing water sources. With the help of western water managers, water availability was mapped for over 1200 watersheds throughout the western US. Five water sources were individually examined, including unappropriated surface water, unappropriated groundwater, appropriated water, municipal wastewater and brackish groundwater. Also mapped was projected change in consumptive water use from 2010 to 2030. Associated costs to acquire, convey and treat the water, as necessary, for each of the five sources were estimated. These metrics were developed to support regional water planning and policy analysis with initial application to electric transmission planning in the western US.
Introduction
Water is used to grow crops, power industry, generate electricity, extract minerals, raise healthy families, enhance recreation and is central to a vibrant environment. Institutions have been developed to allocate and regulate its use, while massive infrastructure projects have been constructed to capture, store, convey, treat and deliver water to hundreds of millions of users across the United States. These systems are constantly evolving to keep pace with new demands for water from growing cities, expanding industry, and energy development.
New demands for water can be satisfied through a variety of source options. Traditionally, new demands are first met with unappropriated surface or groundwater sources, as these waters are usually least expensive to develop. Unappropriated water refers to those resources whose allocation is managed by a system of water rights and which are in excess of current appropriations (Gopalakrishnan 1973) . Allocation of unappropriated water to a new use simply requires authorization from the state in the form of a water right. Where unappropriated sources are limited the transfer (sale) of an existing water right might be considered as a means of satisfying new water demands. The transferred water can be made available for the new use through abandonment of the old use or through water savings achieved with improved efficiency. There is also the option of using a non-fresh source of water (e.g., municipal wastewater or brackish groundwater), which requires the added cost of water treatment.
The relative availability and cost of each source are key factors in determining which water source to develop. Availability and cost varies greatly by location, depending on such things as climate, basin hydrology, engineered infrastructure, use characteristics, legal and regulatory institutions, as well as the personal values of those living in the basin. Given these complicating factors, the spatial and temporal variability of these factors and limited supporting data, estimating water availability and cost is difficult. Past efforts have proposed metrics for surface/groundwater availability (unappropriated water) which provide a consistent basis of comparison across an extensive geographic region. Examples include the Water Stress Index, defined as the ratio of available river runoff to population in a basin (Falkenmark et al 1989) and the water supply stress index which considers regional trends in both water supply and demand (e.g., Averyt et al 2013) . Roy et al (2005) take a similar approach except that their metric is constructed as the ratio of water withdrawal to effective precipitation. Other metrics are based on multiple criteria that are aggregated and related to some threshold of water availability/sustainable development (e.g., Roy et al 2012, Sovacool and Sovacool (2009) , Hurd et al 1999) . Although dated, a comprehensive analysis of US fresh water availability was conducted in 1975 as part of the Annual Water Adequacy Analysis performed as part of the Second National Water Assessment (US Water Resources Council 1978) .
As traditional freshwater supplies become stressed (e.g., Averyt et al 2013 , US Bureau of Reclamation 2013 , Roy et al 2012 , Reilly et al 2008 a more comprehensive view of water availability is required. Current metrics are limited to unappropriated surface and groundwater; however, other sources of water exist for which comparable metrics need to be developed. Existing metrics consider the physical availability of water; however, access to a given supply is often constrained by institutional controls like interstate compacts, treaties and water rights allocation schemes. Such considerations need to be incorporated into water availability metrics. Finally, costs differ considerably across sources, so water availability metrics need to be accompanied by estimated costs to secure, treat and convey each source of water.
The objective of this study is to estimate water availability, change in consumptive use (that water that is withdrawn from a watershed but not returned) and cost to inform water planning decisions at a regional level. Water availability and cost metrics were developed for five different sources of water including unappropriated surface water, unappropriated groundwater, appropriated water, municipal wastewater, and brackish groundwater. These metrics were mapped for over 1200 watersheds throughout the western US (states west of the 100th meridian). These basin scale estimates of water availability and cost are not intended to support siting decisions at the local scale, or to evaluate whether available water supplies are sufficient to meet growing demands; rather, their purpose is to provide a consistent and comparable measure of the relative difficulty and expense to develop the water resources in a given basin.
Methods
Availability, change in consumptive use, and cost of water were mapped for the 17-conterminous western states (see appendix for a list of states). Specifically, water availability was mapped according to five unique sources including unappropriated surface water, unappropriated groundwater, appropriated surface/groundwater, municipal wastewater, and brackish groundwater. Competing uses for the available water supply were also projected over the next 20 years. To complete the picture associated costs to acquire, convey and treat the water, as necessary, for each of the five sources was estimated.
Originally, these metrics were developed to support electric transmission planning in the western US (ERCOT 2013 , WECC 2013 . Specifically, these metrics were developed to aid in the regional siting of new thermoelectric generation so as to minimize impacts on water resources and lessen issues with water permitting. Nevertheless, these data are largely generalizable to other regional water development and policy analysis studies. However, it is realized that water quality requirements and related treatment costs vary by use. In order to maintain a consistent basis for comparison, all water costs assume a high level of treatment; that is, advanced treatment standards for wastewater and potable water standards for brackish groundwater.
Mapping water availability, future use and cost followed a three step process including raw data collection, translation of the data to a consistent reference system, and metric formulation. Raw data were acquired from a variety of sources. Where available, data were collected directly from the western states. In collecting the data, the study team engaged directly with state water data experts to identify and at times gain access to the data. In most cases the data came from the state's water plan that was generally available from on-line sources (see appendix for a partial list of data sources). Efforts were made to vet the collected water data with the state experts to verify the fidelity of data collected and any data conversion/translation made to render the data in a consistent and comparable format. Federally reported data were used as necessary to fill in gaps, including information derived from the US. Geological Survey (USGS), Environmental Protection Agency (EPA), Energy Information Administration, US. Department of Agriculture (USDA) and others. Environ. Res. Lett. 9 (2014) 
This analysis made use of multiple data sets from multiple sources reported at differing geographic resolutions (e.g., point, county, watershed, state). For purposes of this analysis, a consistent reference system was required. The 8-digit Hydrologic Unit Code (HUC) watershed classification (e.g., Seaber et al 1987) was adopted, which resolved the 17 western states into 1208 unique hydrologic units. The 8-digit HUC was selected as it provided a physically meaningful unit relative to water supply/use and provided the highest level of detail that can be justified with the data consistently available across all 17 western states. Where a watershed was divided by a state boundary individual water availability/cost metrics were developed for each state's portion of the watershed, reflecting differences in use/policy among the states. For raw data reported in point-format, translation to the 8-digit HUC was achieved by simple aggregation/averaging. For raw data reported in polygonal-format, translation followed a simple population or areal weighting. In the case of water use data, the 1995 USGS water use reported at the 8-digit level (Solley et al 1995) provided the needed spatial weighting function.
The fact that the data came from multiple sources also meant that they were associated with different periods of time. In fact, the different data sets span a range of time of approximately ten years. To account for this temporal variability, efforts were made to adjust the data to current conditions. Water availability data were adjusted through the process of vetting collected data with the state water management agencies, while water cost data were adjusted to constant 2012 dollar values (see below).
There are no broadly accepted measures of water availability and cost that span the entire 17-state region. Rather, metrics needed to be developed from the raw data collected from the states and federal agencies. The challenge was to formulate water availability and cost metrics that appropriately balance the underlying complexity of the system (e.g., physical hydrology, climate, use characteristics, technology and water management institutions) with the data that were consistently available across the entire western US. To assist in striking such a balance, water availability/cost metrics were formulated with the help of subject experts. Specifically, representatives from the Western Governors' Association, Western States Water Council, USGS, and individual state water management agencies assisted in defining appropriate and informative water metrics (in total the team included 11 participants plus the author team). These metrics were developed and vetted over a two month period during 6 webinars lasting roughly 90 min each.
Below the basic framework used to estimate water availability and cost metrics is given. Details concerning the basin-by-basin calculations are beyond the scope of this paper. Rather, specifics on calculations performed by metric, water source, and HUC are available in the state specific databases associated with the project decision support system (see below).
Water availability metrics
Unappropriated surface water. States exercise full authority in matters pertaining to off-stream water use. In the western states water is managed according to the doctrine of prior appropriation, which defines a system of priority where the first to make beneficial use of water has the first right to it in times of drought (Gopalakrishnan 1973) . Any new water use is allocated the most junior priority in the basin with delivery in times of drought occurring only after all water rights senior to it are fulfilled. Rights to unappropriated surface water are obtained through permitting with the state's water management agency. Although the states have different terms for such water, here it is referred to it as unappropriated surface water.
Estimating the availability of unappropriated surface water is difficult as these values depend on a number of complex factors; characteristics of the physical water supply, the water rights structure in relation to supply, interstate compacts, international treaties, and state policies. Fortunately, many western states have developed measures of unappropriated surface water availability to manage both water allocation and development within their state. Where available, these values were adopted for use in this study; specifically, state estimated unappropriated surface water values were obtained from Arizona, California, Colorado, Nevada, New Mexico, Oklahoma, Oregon, South Dakota, Texas, Utah, and Wyoming.
Where unappropriated surface water availability values were lacking we worked directly with state water managers to develop rough estimates. Efforts began by identifying basins closed to new appropriation, in such cases available unappropriated surface water was set equal to zero. In the remaining open basins, streams tend to lack regulation by interstate compacts, and flows tend to be large with respect to water use. In such cases environmental concerns are the most likely factor to constrain the permitting of new water uses. A simple (i.e., data are fully available at a HUC-8 level) and widely used environmental standard in the US (Reiser et al 1989) is based on studies by Tennant (1976) which found streams maintain excellent to good ecosystem function when streamflows are maintained at levels of ⩾30-60% of the annual average. For this study, a conservative threshold of 50% was adopted to define unappropriated surface water. Thus for basins where estimates were not available directly from the states, unappropriated surface water, Q usw , was calculated as:
where j designates the watershed, Q p is gauged streamflow, and C is the total consumptive use of water upstream of the gauging point. States differed on the streamflow statistic which they preferred to use in calculating unappropriated surface water availability. The adopted streamflow ranged from the 50th percentile flow (average annual flow) to a 10th percentile flow (representative of drought conditions). Streamflow data were taken from the National Hydrography Unappropriated groundwater. States also exercise full authority over the allocation of groundwater resources. Determining the availability of groundwater for future development is complicated by numerous factors including the manner with which groundwater is managed (e.g., strict prior appropriation, right of capture); the physical hydrology of the basin; degree of conjunctive management between surface and groundwater resources; allowable depletions, and a variety of other issues. Except in very limited cases, the states have not broadly estimated and published data on the availability of unappropriated groundwater.
Where states have estimated unappropriated groundwater availability, these values were used. This was the case for Arizona, Oklahoma, Nevada, and South Dakota. For all other states a simple water balance approach was adopted. More sophisticated formulations were limited by the aforementioned complexities and relative lack of supporting data. Unappropriated groundwater was set equal to the difference between annual average recharge and annual groundwater pumping. Recharge rates were taken from the US Geological Survey (2003), which are derived from stream baseflow statistics, while pumping rates were taken from state data where available or from USGS (Kenny et al 2009) otherwise. With this approach unappropriated groundwater availability was set equal to a basin's sustainable recharge or equivalently to a condition of zero groundwater depletion. This is a conservative assumption given that western states often allow managed depletions.
To account for unique groundwater management and/or aquifer characteristics, further restrictions on unappropriated groundwater availability were introduced. Specifically, availability was set to zero in watersheds located within state defined groundwater protection zones (data acquired directly from each state). Groundwater availability was likewise set to zero in watersheds realizing significant groundwater depletions (groundwater declines exceeding 12 m of predevelopment conditions, as given by Reilly and others [2008] ). Finally, groundwater availability was set equal to zero in any watershed where 10% or less of its land area is underlain by a principle aquifer (Reilly et al 2008) .
Appropriated water. This source was defined by the quantity of water (both surface and groundwater) that could be made available by abandonment and transfer of the water right from its prior use to a new use. Short-term leases of water were not considered as the focus of the study is the availability of water for new, permanent uses (e.g., municipal expansion, electric power plant) for which a lease would not provide the needed security in water supply. Permanent transfers have traditionally involved the sale of water rights made available through abandonment of the old use or through water savings achieved through improved system efficiency.
The availability of appropriated water is strongly influenced by the price of water, as the price increases more water rights holders would be willing to sell. The pricequantity relationship dictating water availability is a complex function of the water rights priority structure, the current value (monetary, traditional) ascribed to the water by each water rights holder, community cohesion, attitudes toward development, and others. A simpler approach is justified when one recalls that the purpose of the analysis is to develop a measure that can be consistently compared across basins and water sources. To maintain consistency with the other sources we assume no 'disruptive' changes to the water rights markets in the West. In the absence of major price changes for water rights, western states project a decrease of about 5% in total irrigated agriculture over the next 20 years due to loss of land to urban development and permanent sales of water rights (see sources in the appendix). These sales are most likely from irrigated lands of low value crops.
The appropriated water availability metric was constructed based on the irrigated acreage in a given watershed that is devoted to low value agricultural production; specifically, irrigated hay and alfalfa. Data (irrigated acreage and water volume applied) were taken from the USDA's Agricultural Census (US Department of Agriculture (2007)). Appropriated water availability was further limited to 5% of the total irrigated acreage in the watershed based on projections from western states water managers. For watersheds experiencing significant groundwater depletions (see unappropriated groundwater metric above) the available appropriated water was reduced by 50%. This is to account for a portion of future water rights abandonment that is likely to be used to offset the groundwater depletion (Brown 1999) .
Municipal wastewater. Non-fresh water supplies offer important opportunities for new development. Municipal wastewater is rapidly being considered as an alternative source of water for new development, particularly in arid regions. Municipal wastewater discharge data is consistently available throughout the US. The EPA publishes a pair of databases (Permit Compliance System [US EPA (2011)], and Clean Watershed Needs Survey [US EPA (2008) ]) that provide information on the location, discharge, and level of treatment for most wastewater treatment plants in the US Additionally, the USGS (Kenny et al 2009) publishes municipal wastewater discharge values aggregated at the county level. These three sources of information were combined to provide a comprehensive view of current wastewater discharge across the West. Additionally, the projected growth in municipal wastewater discharge to 2030 was estimated (see Future Water Use section below) and added to the current discharge rates.
Not all wastewater discharge is available for future use, as a considerable fraction is currently re-used by industry, agriculture, and thermoelectric generation. Re-use estimates were determined both from the USGS (Kenny et al 2009) data as well as the EPA databases (as they record the point of discharge, e.g., stream, agriculture, power plant and in some cases are designated as discharging to 'reuse'). These re-use Environ. Res. Lett. 9 (2014) 064009 V C Tidwell et al estimates were subtracted from the projected discharge values.
In western states the availability of municipal wastewater must consider return flow credits. Those municipalities that discharge to perennial streams receive return flow credits for treated wastewater. This water is not available for new development as it is already being put to use downstream. Unfortunately, there are no comprehensive data on wastewater return flow credits. In efforts to identify plants that are likely credited for their return flows, those plants that directly discharge to a perennial stream were identified (point of discharge was identified in the databases noted above as being a stream with average flow of 0.028 m 3 sec −1 or more). These plants were excluded as a source of available municipal wastewater.
Shallow brackish groundwater. For purposes of this analysis brackish water was defined by salinities between 1000 and10 000 ppm total dissolved solids (TDS). Additionally, the analysis was restricted to resources no deeper than 760 meters. These limits were adopted as deeper, more concentrated resources would generally be very expensive to exploit.
Estimates of brackish groundwater resources across the western US are very limited. To cover the entire study area required the use of multiple sources of information. The best quality data are state estimated volumes of brackish groundwater that are potentially developable; however, these data are only available for Texas (LBG-Guyton Associates 2003), New Mexico (Huff 2004) , and Arizona (McGavock 2009). States limit appropriation of the resource by applying allowable depletion rules. In this case it was assumed that only 25% of the resource could be depleted over a 100-year period of time (annual available water was determined by multiplying estimated total volume of brackish water by 0.0025).
The next best source of data was the reported use of brackish groundwater published by the USGS (Kenny et al 2009). These data do not provide a direct measure of available water, simply an indication that brackish water of developable quality is present. Conservatively we assumed that double the existing use could be developed up to a maximum limit of 13.8 million cubic meters per year (Mm 3 yr −1 ). Also assumed is that the minimum quantity available was 1.4 Mm 3 yr −1 . Finally, if a watershed had no brackish water volume estimate or brackish water use then the presence of brackish groundwater wells was used. The USGS maintains the National Water Information System (NWIS) database which contains both historical and real-time data of groundwater well depth and quality (US Geological Survey (2011)). Where at least one brackish well existed in the dataset, the watershed's brackish water availability was set to 1.4 Mm 3 yr −1 . To avoid including brackish water that may contribute to potable stream flow, availability was set to zero when the average depth to brackish water was less than 15 m and the salinity was less than 3000 ppm TDS.
Future consumptive water use
There are a number of water use sectors competing for the available water supplies mapped above. As with water availability, state water managers were engaged to characterize projected consumptive water use across the western US. Acquired data largely came from the state's individual water plans and other online sources (see appendix). Consumptive water use was distinguished according to current versus projected future use; withdrawal versus consumptive use; and, the source water (e.g., surface water, groundwater, wastewater, saline/brackish water). Uses were also distinguished by sector; specifically, municipal/industrial, thermoelectric, and agricultural.
Water use projections varied by state in terms of spatial resolution, target dates, and scenarios of growth. All projected future uses were mapped to an 8-digit HUC level following a strategy similar to that adopted and discussed for water availability. Projections were also uniformly adjusted to the year 2030. This was achieved through simple linear extrapolation between current use estimates and those projected at target dates beyond 2030. Where multiple growth scenarios (e.g., high, medium and low) were estimated in the individual state water plans, all data were collected; however, only the 'medium' growth projections are reported here.
Water cost metrics
Each of the five sources of water carry a very different cost associated with utilizing that particular source. The interest here was to establish a consistent and comparable measure of the cost to deliver water of potable quality to the point of use. As with water availability, costs were resolved at the 8-digit HUC level. Considered were both capital and operating and maintenance (O&M) costs. Capital costs capture the purchase of water rights as well as the construction of groundwater wells, conveyance pipelines, and water treatment facilities, as necessary. All capital costs were amortized over a 30-yr horizon and assumed a discount rate of 6%. O&M costs included expendables (e.g., chemicals, membranes), labor, waste disposal as well as the energy to lift, move and treat the water. As the utilized cost values come from a variety of sources published over a range of time, all costs are adjusted to constant 2012 dollar values based on the consumer price index. Below, specifics unique to each source are discussed.
Unappropriated surface water. No costs are assigned to unappropriated surface water. It is recognized that there are associated costs, in particular for permitting. No efforts were made to estimate permitting cost because of the difficulty and uncertainty in estimating the most important determinant, time. Given that some level of permitting is required across all five water sources this expense would do little to distinguish differences in costs, which is of primary interest here. Costs were dictated both by the quantity of groundwater required and the depth to groundwater. For purposes of comparison a standard water demand of 4.4 Mm 3 yr −1 . was assumed (based on average withdrawals for a 300 MW coalfired power plant using recirculating cooling [see Macknick et al 2012]), while the depth to groundwater was taken from USGS well log data (US Geological Survey (2011)) averaged at the 8-digit HUC level. O&M costs are dominated by the electricity needed to lift the water. The price of electricity was assumed to be $0.35 kWh −1 .
Appropriated water. Costs associated with this source of water result from the purchase and permanent transfer of a water right from a prior use to some new use. The price of a water right is market driven. The price fluctuates with either a change in demand for water or the number of willing participants (i.e., supply) in the market. Here we did not attempt to project how the market for water rights will fluctuate over time given the difficulty and considerable uncertainty involved in such an analysis. Rather, a fixed price was adopted based on historical trading data. This approach assumes no major changes in market forces, consistent with state projections of limited abandonment of irrigated agricultural over the next 20 years. Although this assumption can be argued, it provides the only available basis for consistent cost comparison for which a trusted set of data exists. Water rights transfer costs utilized by this analysis were based on historic data collected by the Water Strategist and its predecessor the Water Intelligence Monthly (Water Strategist 2012). Costs were estimated by state because of the limited availability of data. Only transactions involving permanent transfers from agriculture to urban/industrial use were considered. Recorded transfers were averaged by year and by state and the average of the last 5 years used for purposes of this study.
Unfortunately the Water Strategist did not track water transfer data for North and South Dakota, Nebraska, Kansas and Oklahoma. Costs for these states were simply calculated as the average of the surrounding states. To respect the north to south gradient in cost (see Results section), North Dakota and Nebraska were assigned costs equal to the average of the 5 northern states while Kansas and Oklahoma were assigned values based on the average of the 7 southern states.
Municipal wastewater. Estimated costs considered expenses to lease the wastewater from the municipality, convey the water to the new point of use, and to treat the wastewater. Fees charged to lease treated wastewater from the municipality were estimated based on the initial work of the Electric Power Research Institute (EPRI 2008) . Values reported in the EPRI report were verified and updated as necessary based on a review of fees published on-line. As no geospatial or plant related trends were noted in the pricing an average of the reported fees was adopted for this study, which was calculated at $0.32 m −3 .
Also considered was the cost to transport the treated wastewater from the treatment plant to the point of use. Considered were both capital construction costs for a pipeline and O&M costs principally related to the electricity for pumping. Associated cost calculations were consistent with Watson and others (2003) . Water conveyance costs were dictated by the distance between the treatment plant and point of use. As the distance values are currently unknown (associated with a new point of use) estimates were made as a function of land use density, defined as the ratio of developed land area to total land area in the buffer zone. Land use densities were calculated using a circular buffer area with a radius of 8.05 km around all existing treatment plants. Where more open land is available around a treatment plant (low land use density) a new water user can locate in close proximity to minimize conveyance distance. Thus, conveyance distances were estimated according to a simple rank order of land use density around each treatment plant, with low values given a conveyance distance of 1.61 km and to the highest land use density given a distance of 8.05 km.
It was assumed that all wastewater must be treated to advanced standards before it can be re-used. This conservative assumption was adopted considering both realized improvements in downstream operations (e.g., increased cycles of use, reduced scaling, improved feed quality) and the current trend of regulation toward requiring advanced treatment (EPRI 2008) . Plants operating at primary or secondary treatment levels (US EPA 2008, 2011) were assumed to be upgraded to advanced standards. Capital construction costs were based on the analysis of Woods et al (2013), which scale according to treatment plant throughput and original level of treatment. Associated O&M costs considered expenses for electricity, chemicals and labor.
Shallow brackish groundwater. Estimated costs considered both capital and O&M costs to capture and treat the brackish groundwater. Cost calculations followed standards outlined in the Desalting Handbook for Planners (Watson et al 2003) . Capital costs included expenses to drill and complete the necessary groundwater wells and construct a treatment plant utilizing reverse osmosis. Number of wells and treatment plant capital costs were based on the treated volume of water, which was assumed to be 4.4 Mm 3 yr −1
. Other key design parameters included the depth of the brackish water and TDS. These data averaged at the 8-digit HUC level, were estimated from the USGS brackish groundwater well logs (US Geological Survey (2011)). O&M costs captured expenses for labor, electricity, membranes and brine disposal.
Results

Water availability
Water availability is mapped for the five unique sources of water for the 17-conterminous western states at the 8-digit HUC level in figure 1 . Water availability for all five sources is mapped using the same non-linear scale and coloring.
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Watersheds marked in white designate basins with no availability for that source of water (or insufficient information to suggest a reliable source in the case of brackish groundwater).
A quick review of all five maps clearly reveals significant variability across the five sources of water as well as watershed-to-watershed variability for each source of water. The expressed variability is a function of the physical hydrology, water use characteristics, and water management practices unique to each watershed. Availability of unappropriated surface water ( figure 1(a) ) is very limited. No unappropriated surface water is available in Arizona, New Mexico, Nevada, Utah or Washington. California, Colorado, Idaho, Kansas, Montana, Nebraska, Oregon, Texas and Wyoming register some unappropriated surface water availability; however, the scope in each is geographically limited. In contrast the majority of watersheds in the Dakotas and Oklahoma register some unappropriated surface water availability.
The availability of unappropriated groundwater ( figure 1(b) ) is likewise very limited. Unlike surface water, all states (except Washington) record some availability of unappropriated groundwater. The geographic footprint of available unappropriated surface water and groundwater are largely different except in the cases of Oklahoma and Western Colorado. The unappropriated groundwater availability appears notably different for Nevada and South Dakota in that there is some availability in every watershed within these states. This is because groundwater availability data were provided directly by these states, each of which makes assumptions that differ from that used for the other states.
Availability of appropriated water, both surface and groundwater, is consistently distributed throughout the West ( figure 1(c) ). Quantities likely to be transferred are relatively small, generally less than 3 Mm 3 yr −1 . The greatest availability corresponds to regions with heavy irrigated agriculture, including Eastern Oklahoma, Southern Arizona, Central California, Eastern Colorado, Texas Panhandle, Central Washington, and the Snake River Basin in Idaho. South Dakota registers no appropriated water availability due to policies that limit transfers out of irrigated agriculture.
Availability of municipal wastewater is sporadically distributed across the West ( figure 1(d) ). Availability is most uniform in the far eastern portion of the study area where the density of communities is the greatest. The highest availabilities are associated with metropolitan areas.
Brackish groundwater is available throughout much of the West except in the Northwest ( figure 1(e) ). The highest availabilities are noted in Arizona, New Mexico and Texas, where detailed brackish groundwater studies have been conducted. Thus mapped availability is more an indication of what is known and currently used, rather than an indication of the actual resource in the ground.
Future consumptive water use
Projected change in the consumptive use of water between 2010 and 2030 was mapped in figure 1(f) . The map uses the same scale as the water availability maps (figures 1(a)-(e) but the color scale was reversed to distinguish watersheds with greater increase in use with warmer coloring. A noteworthy aspect of the map is the large regions with zero or decreasing projected consumptive use (white areas on the map). These are regions where the states project some level of abandonment of water permits/rights associated with agricultural irrigation combined with limited rural population growth. While the states project little growth in irrigated agriculture, increased use in the municipal and industrial sectors is expected. It follows that the largest increases projected for consumptive use are clustered around metropolitan areas. In many instances abrupt changes across state boundaries are noted, which simply reflect differences in the methods used by each state to project future water use needs.
Water budget
The difference between water availability and projected change in consumptive use provides a relative measure of the difficulty to be expected when securing a permit for a new water use. Where the projected increase in consumptive use exceeds the estimated water availability, permitting is expected to be the most difficult (assuming all other factors affecting permitting are held constant). To explore this issue, available water sources (figures 1(a)-(e)) were aggregated and the projected increase in consumptive use (figure 1(f)) subtracted to yield a simple water budget at the 8-digit HUC level across the conterminous western US. Two budgets were constructed, one that only considers unappropriated surface/ groundwater sources ( figure 2(a) ) and a second that considers all five sources of available water ( figure 2(b) ). An evaluation of the unappropriated water source budget is warranted as it is generally the first source of water considered, in part because it tends to have the lowest utilization costs (see below). When only unappropriated surface and groundwater availability are considered as potential new sources of water, results suggest difficulty with permitting should be expected throughout much of the West. This is indicated by the broad areas with negative water budget values, 61% of watersheds, where projected new consumptive use exceeds available unappropriated water (areas mapped as white in figure 2(a) ). These watersheds tend to be associated with urbanized regions, containing a disproportionate 79% of the western states' population.
The picture improves considerably when all five water sources are considered ( figure 2(b) ). Appropriated, brackish, and municipal wastewater tend to be available in watersheds with limited or no unappropriated water supply. In fact, in only 8% of watersheds does projected new water use exceed total water availability. However, these watersheds are associated with some of the most urbanized regions accounting for 30% of the western states' population.
Water cost
Water costs associated with all sources of water except unappropriated surface water are mapped in figure 3 . In order to map all four costs comparably, a non-linear color scale was used to capture the broad range in values. Note that costs were not calculated for watersheds where a particular source of water was unavailable (watersheds mapped white in figure 1 ).
Each water source shows some degree of watershed-towatershed variability. This variability is masked to some extent for the brackish and wastewater maps by the large bin sizes necessitated for the scale. Variability in cost for unappropriated groundwater (figure 3(a)) largely corresponds with the average depth to groundwater. Appropriated water transfers ( figure 3(b) ) are seen to be more costly to the south where water supplies are most limited. Municipal wastewater costs (figure 3(c)) tend to increase as the size of the wastewater treatment plant decreases and the level of treatment increases. Brackish water costs ( figure 3(d) ) tend to increase as depth and TDS increases.
The most important feature of these maps is the significant variability across sources, particularly between fresh and non-fresh. Average costs for unappropriated groundwater run $0.09 m −3 while appropriated water is estimated at $0.10 m −3 . Alternatively non-fresh supplies are considerably more expensive with municipal wastewater running $0.41 m −3 and brackish water $0.58 m −3 . Historically, development has largely relied on inexpensive unappropriated water or transfers of appropriated water.
Discussion and summary
The objective of this study was to estimate water availability, new consumptive use and cost to inform water planning decisions at a regional scale. Water metrics were mapped for over 1200 watersheds throughout the 17-conterminuous states in the western US. The compiled set of water metrics is unique in four important ways. First, multiple sources of water were considered, including unappropriated surface water, unappropriated groundwater, appropriated water, municipal wastewater, and brackish groundwater. Second, water availability metrics accommodate institutional controls (e.g., water rights, administrative controls, interstate compacts) to the extent available data permitted. Third, water availability estimates were accompanied by cost estimates to access, treat and convey each unique source of water. Fourth, water metrics were developed with the direct assistance of state water managers in framing, identifying, understanding and vetting the resultant metrics.
The ultimate value of these metrics is in providing a consistent and comparable measure of the relative difficulty and expense to develop a water resource in a given watershed. By mapping the water availability metrics, important spatial trends and heterogeneity in water sources are evident. Variability in water availability is noted both within each water source as well as between sources. Where projected new consumptive water use (change in use between 2010 and 2030) exceeds estimated availability difficulty is to be expected with permitting new water projects. When only the availability of unappropriated sources of water are considered 61% of the watersheds are classified as difficult for development, which drops to 8% when all five sources are considered. These watersheds tend to be associated with urbanized regions. Estimated costs show similar spatial variability, but more important is the difference between sources where costs ranged from $0.09 m −3 (appropriated water) to $0.58 m −3 (brackish groundwater). There are two important limitations concerning how this data should be interpreted. First, these basin scale estimates of water availability and cost are of insufficient detail to support siting decisions at the local scale (new water use at a specific Second, these data cannot be interpreted as an absolute measure of whether sufficient water is available to meet projected change in consumptive water use. Not all potential sources of water are considered here; particularly, availability of sea water or produced water. Other options not considered include demand side management measures, conservation technologies, and/or construction of water storage or conveyance infrastructure. While in many cases plans are in place aimed at addressing identified short falls, there is a lack of uniform and comparable data on planned projects across the West. Additionally, project planning runs the full spectrum from conceptualization to initial construction. As such, no attempt was made to quantify 'new' sources of water.
Limiting appropriated water availability to 5% of total irrigated agriculture is an important limiting assumption in this analysis. In theory, large quantities of water are available in most all watersheds in the West if the price of water is high enough. Thus appropriated water availability values are artificially limited in this study. However, as the level of transfers grow impacts beyond the availability of water are encountered, including changes in the local economy; shifts in rural demographics; food, feed and fiber production; as well as changes to the social, cultural and traditional fabric of the community. Such dynamics are well beyond the scope of this work.
The desire of this work is that the presented data will find broad use in other policy and resource planning exercises in the western US. Toward this end, a decision support system has been developed to allow interested parties access to view, explore and download the data. The portal is developed within ArcGIS Online accessible at the following URL: http:// energy.sandia.gov/?page_id=1741. Water availability, cost and use data in a tabular format can be downloaded from the site (these data are also contained in the online supplemental material for this paper, available at (stacks.iop.org/ERL/9/ 064009/mmedia)). Detailed spreadsheets containing all supporting data, metric calculations, and data source citations are also available for download at the site, organized by state. This site is linked to the Western States Water Council Water Data Exchange (WaDE). WaDE is a long-term project that uses a web-services-based approach to allow each state to maintain its current data systems, while allowing common datasets among the states to be mapped to a standard format thus facilitating data sharing. When fully implemented WaDE will serve up-to-date state level data, the basis of the water metrics developed here. 
